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INTRODUCTION 
There has been a recent surge in the applications of nuclear 
magnetic resonance (NMR) spectroscopy, particularly in solids, to 
the solution of a wide variety of problems of very practical natures. 
These have included the investigations of spatially controlled NMR 
techniques as a diagnostic tool for cancer (1-4) as well as the more 
typical applications in the studies of catalysts (5, 6), polymers 
(7"9), fossil fuels (10), and metal hydrides (11). The sensitivity 
of NMR to the local environment on an atomic scale for a particular 
nucleus provides information about electronic structure as well as 
iTTolecular structure and motion. 
NMR spectroscopy provides this information through the 
perturbation of nuclear spin states. The total nuclear spin 
Hamiltonian is a sum of Hami1 tonians describing the physically 
different interactions of the nuclear spins. For example, these 
iriclucle Che nuclear dipcle intcroct i cp., nuclear quadrupo 1 e couplinq. 
Knight shift coupling, and hyperfine coupling. Generally, serveral 
interactions contribute simultaneously to the relaxation of the 
nuclear spin system in an NMR experiment. Although each of these 
interactions contains useful information, the NMR spectrum usually 
can be interpreted to give only the largest one or complex 
combination of a couple. The use of recently developed NnR 
techniques (12, 13) allows the separation and characterization of 
the interact ions oresent. 
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In particular, the work described in this thesis deals with the 
application of a variety of existing time dependent techniques in 
NMR as well as the extension of high resolution techniques and their 
use to 1 earn more about the nature and mobility of protons in _ yMoOg 
and YHi 92- The reasons for the choice of these particular chemical 
systems are two fold. The physical properties of these systems are 
particularly well-suited to be studied by solid state NMR. Secondly, 
they are of practical importance. The compound H % _ ynoC 3 has been 
proposed (14) to be a model system for providing information about 
the reduction of supported molybdenum oxide catalysts. Metal 
hydrides, such as YH^ _ g2, have possible technological applications 
for hydrogen storage. 
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LITERATURE REVIEW 
Since this dissertation deals both with the extension of high 
resolut'on experiments in solid state NMR and with the apolication 
of these techniques as well as existing methods to chemical systems, 
this literature review is informally divided into three sections. 
The first presents a brief review of the history of NMR and the 
use of time dependent experiments in NMR to selectively average 
specific interactions. The latter two sections introduce the 
chemical systems and specific goals for this research. 
Much of the research effort in the years immediately foi lowing 
the discovery of NMR in 1945 by Bloch et al. (15) and Purcell et al. 
(16) was aimed at understanding the response of the nuclear spin 
system to applied magnetic fields as well as those within the matter 
containing the spin system. Some of the classic papers during 
this period dealt with spin relaxation (B1oembergen, Purcell, and 
t  i  ~7 )  )  ••He» H I cr-v nr r r><=* r'nomîrpl c;n Î ft nv rrocLOr" ânu 
Yu (18), the theoretical formulation of the chemical shift by 
Ramsey (1g). and the extension of nuclear spin relaxation theory 
to trans ;at:cr.£l diff'jsicr! by "^orrey (20). One of the most 
important papers, not only in te~ms of theory but also from a 
technological point of view, was the demonstration by Lowe and 
Norberg (21) that the steady state resonance condition in the 
frequency domain was the Fourier transform of the free induction 
 ^ T I Kr» \/£irkr-c 4- K a f r/-\ 1 > rw.fAri KJM R WA < 
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considered to be a mature research method and the emphasis was 
placed on the applications of existent experiments to an understanding 
of physical and chemical processes. The research situation at that 
time is probably best described by Mehring et al. (22). 
"The early era of the chemical shift provided the 
experimental practitioner of NMR not only with a challenge 
in technique but also with the dual rewards of (a) relevance 
to the problems of chemical society and (b) an opportunity 
to confound the dogmas of valence theory. History relates 
that the technical challenges were quickly met, the theorists 
showed their customary adaptability to experimental fact, and 
the chemical shift relaxed into the embrace of the capitalist 
and the analytical chemist." 
As discussed in the Introduction, several interactions contribute 
simultaneously to the relaxation of the nuclear spin system in a NMR 
experiment. In general, these lead to broad featureless absorption 
lines, devoid of much chemically interesting information. For 
example, the nuclear dipolar interaction may be several orders of 
magnitude larger than the entire range of isotropic chemical shifts 
for a given nucleus. The experimental access to information such as 
chemical shifts, when obscured by much larger interactions, reiies 
on motional averaging. The best example is the narrow NMR lines 
observed in solution due to the rapid, random, isotropic 
reorientational and transi ational motions of molecules in liquids, 
in sciution, the d!pO:ir' interact iops are averaged tc zero. 
However, ail information concerning the anisotropic interactions 
of the spins is also lost. Since anisotropic spin interactions can 
be obtained only from solids, other methods of averaging interactions 
we''e developed. 
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The first attempts to selectively remove interactions were 
made by E. R. Andrew et al. (23-29) and 1. Lowe (30) in the late 
fifties and early sixties. The technique of high speed sample 
rotation modulates the real space (as opposed to the spin space) 
portion of the nuclear dipolar interaction (31) given by 
(1 - 3cos^0..)r.., where 6.. is the angle between the internuclear 
!J !J ' IJ 
spin vector, r^. ^ , and the external magnetic field, by introducing 
a time dependence into 8.y As a resuit, if the sample is rotated 
with a uniform angular velocity larger than the natural linewidth 
about an axis inclined at an angle a with respect to the external 
magnetic field, the dipolar interaction is time averaged and is 
attenuated by the factor -^(3cos^a - 1). If the axis of rotation 
is inclined at an angle of arc cos (-^) , the magic angle, the 
dipolar interaction is effectively zero. However, E. R. Andrew 
et a]. (32, 33) and 1. Lowe (30) realized that the second rani< 
tensor describing the magnetic shielding also has a factor 
•|-(3cos^a - 1) introduced by high speed sample rotation. At the 
magic angle, where the dipolar broadening is suppressed, only 
the trace of the shielding tensor is obtained. While this 
quantity does provide information about molecular structure, 
all anisotropic : rxO: rnat - on, once again, : s lest. 
in \3oo.  the research groups of ?. Mansfield and of J. S. 
Waugh (34-38, 44. 45) demonstrated the interactions could be 
selectively removed from the description of the spin system by 
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showing that "motional averaging" can also occur in spin space 
with properly chosen rediofrequency fields. By manipulating the 
time development of the nuclear spin system with a cycle of 
intense (r.f. field much larger than local dipolar fields) 
radiofrequency pulses, the time evolution of the spin system 
can be described by an "average" Hami1 tonian (39)• If the 
pulse sequence is judiciously chosen to meet certain periodic 
and cyclic conditions (35), the hcrrsonLic! ear dipolar interaction 
can be sever 1 y attenuated. The real beauty of this multiple 
pulse technique is that while the homonuclear dipolar broadening 
is suppressed, the information concerning anisotropic spin 
interactions is still retained (22). 
This pioneering work has led to a resurgence in investigations 
of the response of the nuclear spin system to various applied 
radiofrequency pulse sequences. Specifically, W.-K. Rhim et al. 
(40-43) and P. Mansfield (44, 45) have developed improved 
mut 1i pie pulse sequences to better handle errors and non-idea1ities 
in the pulses as well as higher order dipolar terms in the average 
Ham.i 1 tonian. By introducing deliberate errors into one of the 
radiofrequency phases of the multiple pulse sequence, Vaughan et al. 
(46, 4?) were ab : e to further separate ihe ccr.tr : b-t : ens Lc Lhe 
1 : nev." : dth frcrr. static magnetic ^ i e 1 d i nhomogenei ty (which includes 
shielding anisotropies), higher order dipolar broadening, and 
lifetime broadening under the m.ultiple pulse sequence. Dybowski 
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and Pembleton (48) developed a dipolar narrowed version of the 
Carr-Purcell (4$) sequence, which was designed to remove the need 
for the introduction of a phase error in order to measure the 
lifetime broadening under multiple pulse sequences. 
Even with the ability to suppress dipolar broadening with 
multiple pulse homonuclear decoupling techniques or with the 
simpler heteronuclear decoupling (50, 51) techniques, it is 
still impossible to observe the chemical shift anisotropies in 
most chemical systems. The shielding anisotropies are often large 
compared to the full range of isotropic shifts for a given nucleus. 
!n randomly oriented solids with more than one structurally distinct 
species of a given nucleus, individual powder patterns may overlap 
severely. Extraction of the principal values of the shielding 
tensors, by pulse techniques alone, may prove to be impossible. 
To obtain information about chemical shifts in such materials 
v\'hich are in the form of randomly oriented solids, it is necessary 
to remove both the dipolar broadening and the chemical shift 
anisotropies. Instead of spinning sufficiently rapidly to 
average both interactions at the magic angle like E. R. Andrew 
et al. (23-29) and i. Lowe (30), Schafer et al. (52-54) used a 
combinai : on of dipolar dt;cuL:pl • iiy and n^acic angle spinning in 
cases where the "C--H heteronuclear dipolar interaction is the 
dominant broadening mechanism. The prospects of combining magic 
angle spinning with homonuclear decoupling were first considered 
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by Haeberlen and Waugh (35). This experiment was first reported 
by Gerstein et al. (55), showing the two chemically distinct 
fluorines in polymerized FC1C=CF2 to be separated by 23 ppm. 
To recover the anisotropic information available in a solid 
Lippma et al. (56) and Stejskal et al. (57) reported a combined 
heteronuclear decoupling and sample spinning experiment. By 
spinning off the magic angle, the powder patterns are scaled by 
\3co3^^ — 1\ 
— ^ — such that the individual powder patterns no longer 
overlap. However, no attempts were made to recover the values 
of the shielding tensors by fitting the experimental data with 
an analytical expression for the shielding tensor under rapid 
sample rotation. 
A portion of this thesis deals with the application of 
combined multiple pulse and sample spinning experiments to 
samples with protons, which have a larger gyromagnetic ratio 
(leading to increased homonuclear dipolar broadening) and a 
smaller range of isotropic chemical shifts as compared to 
fluorine nuclei. Sarriple spinning at the magic angle shows the 
present limits of resolution. !n spinning off the magic angle, 
the first com,puter fit of an analytical expression to recover 
uhe anisotropic snieiding informal ! O:: is reported. 
These techniques further extend the usefulness of NMR as a 
microscopic probe sensitive to static and dynamic changes on an 
atom.ic scale. The importance of extending these techniques to 
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the system cannot be underestimated since other techniques 
usually provide limited information. It is well-known that X-ray 
diffraction is relatively insensitive in determining hydrogen 
atom locations. Neutron diffraction experiments usually monitor 
the isotope because of the large incoherent scattering from 
However, in some systems, such as the vanadium hydrogen 
system, there is a considerable difference between the and 
phase diagrams (ll). In addition, the multiple pulse techniques 
extend the temperature range over which shielding information may 
be obtained. With these thoughts, suitable chemical systems were 
chosen to be studied. 
Supported molybdenum catalysts are of current interest 
because of their importance in hydrodesulfurization and coal 
hydrogénation (58). Consequently, knowledge about their catalytic 
properties has become a matter of increasing importance. Toward 
this end, the reduction of unsupported molybdenum trioxide may 
provide useful information about the reduction of supported 
catalysts. As a result, hydrogen molybdenum bronzes (H^MoOg) have 
been the subject of much interest (59-6/). 
The formation of these bronzes results from the reduction of 
noOg by hydrogen. For this work., zhe term bronze be taken to 
mean that the basic structure and inreratomic bonds of the oxide 
layers are unaltered by the insertion of hydrogen. While the 
basic structure remains the same, the overall crystal structure 
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may be somewhat modified. This definition for bronze is quite 
similar to that proposed by Suchert (68) in work dealing with 
interstitial metals. 
The M0O3 crystal (69) consists of distorted M0O3 octahedra. 
Each octahedron shares two adjacent edges with its neighbors to 
form zig-zag chains. These chains are stacked one above the 
other with each octahedron sharing the apex oxygens with its 
neighbors in the chains Immediately above and below. in tiiis 
way, layers are formed. These layers are held together by 
Van der Waal's forces with each layer being offset from its 
neighbor by a distance equal to half an octahedron. As a result 
of this structure, there are three types of oxygen atoms when the 
Mo nearest neighbors are considered. The layered structure 
consisting of these chains is highly anisotropic. 
In the reduced molybdenum trioxide, the nature of the 
interaction between the inserted hydrogen and the lattice oxygen 
atoms in the bronzes is not wel1-understood. Using proton 
magnetic resonance, Cirillo et al. (59, 60) showed that the 
bronzes behave as metallic conductors and are comparable to 
metallic hydrides in electrical conductivity. The NMR spectra 
were consistent with ths - nlc: prelat - on of Seri^n and Bond (70) 
that hydrogen atoms donate an electron to the conduction band 
of the bronze-forming oxide. in addition, no infrared absorption 
bands which might be attributable to hydroxy1 stretching were 
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found. However, on the basis of elastic and inelastic neutron 
studies, Dickens et al. (64) suggested the protons are present 
as -OH for gi^MoOg and as -OH2 for Hg _ ggMoOg, _ ggMoOg and 
H2.0M0O3. In addition to the controversy over the nature of 
the protons, samples of the bronzes used in different studies 
have been prepared by different methods. 
The first method is a "wet" chemistry technique reported 
by Glemser and Lutz (70- This involves the reduction of M0O3 
by zinc in hydrochloric acid. The "dry" method used by Sermon 
and Bond (70) uses the hydrogen spillover technique. Powdered 
M0O3 in the presence of finely dispersed platinum metal reacts 
with hydrogen to form the bronze. The hydrogen spillover 
phenomenon was proposed by Sinfeit and Lucchesi (72) and has 
been reviewed by various authors (73~76). 
Vannice et a'l . (77) have shown the usefulness of proton 
NMR in the understanding of the kinetics of the catalytic 
reduction, via hydrogen spillover, of a similar chemical system, 
H^WOg, by determining the proton mobility. A portion of this 
thesis deals with the measurement of proton diffusion within 
the bulk H]^_55Ho03, which should aid in the determination of the 
rate determining step for the formation of Hi_çgMoO^ by hydrogen 
spillover. Also, proton NMR with and without strong homonuclear 
decoupling and sample spinning (at the magic angle as well as 
at deviations) is used to iearn more about the rriobility and 
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nature of protons within the hydrogen molybdenum bronzes. These 
techniques also allow a comparison of samples of the bronzes 
prepared by the two different methods. 
One of the earliest applications of NMR was the study of a 
metal hydride, PdH^, by Norberg (78) in 1952. In the application 
of NMR to metal hydrogen systems that followed, the NMR measurements, 
which are sensitive to small changes, were used to locate phase 
bo-jr.daries, determine the hysteresis at phase transitions, and 
measure the temperature width of a transition. Measurements of 
relaxation rates and Knight shifts provided information about the 
electronic structure. In addition, diffusion coefficients were 
measured to determine mobilities and activation energies. A 
recent review by Cotts (ii) on metai hydrogen systems covers 
these topics. 
in general, proton magnetic resonance provides information 
on atom locations in a solid through the nuclear dipole interaction, 
when interactions with paramagnetic ions in the lattice or with 
the nuclear electric quadrupole are absent, the dipolar field is 
responsible for the linewidth (and second moment) of the 
resonance. By agreement between the experimental second moment 
3nd îh-0 C2 leu- 8t6d sccoPrd b35?d O" ? <!! i tRbI e model . the 
"iocation of the protons may be inferred. Even with the absence 
of the large interactions due to paramagnetic ions or nuclei with 
large quadrupole moments, contributions to the linewidth and 
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second moment result from atomic motion. Measurements of the 
spin-lattice relaxation time, the spin-spin relaxation time, and 
the rotating frame spin-lattice relaxation time indicate the 
size of these contributions. In addition, if the protons do 
not reside in sites of cubic symmetry, a contribution to the 
linewidth from Knight shift anisotropy may result. Lau et al. 
(47) used a variety of NMR techniques, including multiple 
pulse homonuclear decoupling, to look at the specific contributions 
of various interactions. 
Anderson et al. (79-81) have used conventional wideline 
NMR to determine the proton locations in the g-phase (d i hydride) 
of YH^ (82) from the second moment. in g-YH^, the hydrogen resides 
in the interstitial tetrahedral and octahedral sites of the 
fee Y-lattice. The rigid lattice second moment is sensitive to 
the distribution of hydrogen atoms in these sites. 6-YH^ presents 
a favorable case for this method since the contribution to the 
second moment from the metal nuclei (°^Y) is negligible due to 
the very small nuclear dipole moment of °^Y (roughly that of 
the proton). Also, if the protons reside at the centers of the 
sites, the cubic symmetry excludes the possibility of Knight 
shift anisotropy. The occupancy factor: determ;ned from the 
broad!ine NnR studies are in reasonable agreement with those 
obtained by neutron diffraction (83). Since there are experimental 
errors in both measurements, a portion of this thesis deals with 
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the application of multiple pulse techniques to provide more 
information on the environment of protons in YH^ 92 by quantifying 
the contribution to the second moment from interactions other 
than the homonuclear dipolar interaction. 
Electron spin resonance using dilute Er ions in B-YH^ has 
been used to infer site energies (84) of the proton distribution, 
Anderson et al. (81) have found three distinct regions for which 
the activation energy for hydrogen diffusion increases with 
temperature. These results lead to speculation that motion may 
occur only on one subiattice, then exchange between tetrahedral 
and octahedral site hydrogens, and finally motion of all 
hydrogen on both sublatt ices. This work also found the quantity 
(T^^T) 2, which is proportional to the density of states at 
the Fermi level, to be a constant for the range of compositions 
in the d i hydride phase. it also suggested that a previous 
study (85) is in error because of the presence of a substantial 
level of paramagnetic impurities. This thesis also reports 
the measurement of the Knight shift using the combined multiple 
pulse and magic angle spinning experiment to further aid in 
the understanding of the electronic structure. 
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BASIC THEORY 
A wide variety of NMR measurements ranging from simple 
relaxation studies to multiple pulse spectra have been used to 
study protons in H1.7M0O3 and YHi.92- For this reason, this 
section presents an overview of the basic theories used in the 
interprétât ion of these data. 
A nucleus of spin 1 has 2! + 1 energy levels. When placed 
in a static magnetic field H, these levels are separated by 
AE = vH/1 (1) 
where the nuclear magnetic moment is given by 
u = yiil (2) 
Here y is the gyromagnetic ratio and "fi is Planck's constant 
divided by 2ir .  A transition between adjacent levels occurs 
when the frequency of the applied radiation is 
u = yH (rad/sec) (3) 
At eouilibrium, the nude: are distributed among the energy 
levels according to a Boltzmann distribution. When the macroscopic 
magnetization in the presence of the static magnetic field is 
disturbed from equilibrium by a radiofrequency pulse, Bloch et al. 
(15 )  found that the motion of this magnetization is given by the 
phenomenological differential equation 
d M -J -J /, \ 
= -VM X M , 
where M is the vector sum of the u's, as the magnetization relaxes 
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Bloembergen et al. (17) put relaxation effects on a more 
theoretical basis by considering the exchange of energy between a 
system of nuclear spins in a static magnetic field with the 
heat reservoir consisting of the other degrees of freedom (lattice) 
of the material. By considering the dipolar Hami1 ton i an for the 
nuclear spin system, the spin-lattice relaxation rate for identical 
nuclei can be written as 
Y Y  ^  +  1  )  { ( w )  +  J 2  ( 2 w )  }  ( 5 )  
The spectral densities are given by 
J. ( A J )  =  I ( T) exp ( iwi) dt (6) 
i # Î 
where the correlation functions K.(T), related to the phase 
memory time for the molecular motions, are defined as 
K. ( T) = Y.(t)Y." (t + X )  (7) 
The Y." is the complex conjugate of Y., defined by 
YQ = (1 - 3cos^e) 
Y 2 = r~^sin6cos0exp(iô) 
Y2 = r~^s in-^BexplZi ç) (8) 
The bar over the Y's indicates an average over the ensemble of 
nuclei. This theory provides the basis for most modern spin-
lattice relaxation theories and, in particular, was used for the 
o : :  a I  y a i  3 i  » ,  \u0c0 « .  i  s. » *  « -*  ^  .  
However, ot^e' interactions may also orovide mechanisms 
for spin-latt'ce relaxation. Specifically, a conduction 
electron component —) to the spin-lattice relaxation rate in 
17 
metallic conductors is produced by the electronic structure 
through the time dependence of the transverse components of 
the hyperfine fields produced at the site of the nucleus. The 
rate (y-—) is proportional to the absolute temperature. At very 
le 
iow temperatures, where the nuclear dipoiar interaction fails 
to provide an effective relaxation mechanism, the spin-lattice 
rate is essentially entirely due to the coupling of the nuclei 
to the magnetic moment of the S-state electrons. The Korringa 
relation (86), which applies only to S contact hyperfine 
interaction and effectively free electron metals, is given by 
K^(T^^T) = constant, (9) 
where K is the Knight shift. 
One of the most important discoveries was that of the spin 
echo by Hahn (87). Following a pulse, the transverse magnetization 
déphasés under a static field inhomogeneity. Applying a " pulse 
at a time x after the v pulse causes the magnetization to 
refocus at a time 2t in the absence of interactions not proportional 
to !^. Hahn showed the translational motion contributes to the 
decay of the amplitude of the echo in addition to the normal 
spin-spin interactions. The amplitude for a ~~~~ sequence is 
V ! Y C ' V ) 
m ( 2 t )  =  n ( o ) e x p { - - ^  -  4 y ^ g ^ d t ^ }  ,  ( 1 0 )  
I 2 -
where G is the spatial magnetic ~;elG gradient 
diffusion coefficient. In samples with long spin-spin relaxation 
18 
times (on the order of milliseconds), the dependence is 
pronounced for large values of t. Carr and Puree!1 (49) showed 
that a sequence of w pulses following the ^  pulse reduces the 
effects of diffusion with the amplitude of the echo occurring 
at a time t = 2nT given by 
M(t) = M(o)exp{-^- (•|-)Y^G2DT^t}. (11) 
The rate constant of the diffusion term, = -rDv^ ^ , can 
12 ^ 
be made arbitrarily small by making the 2t intervals between 
the IT pulses arbitrarily small. Comparing the results of both 
experiments and solving equations (10) and (11) simultaneously 
gives the product of G^D. Knowledge of the diffusion coefficient 
allows the determination of the background gradient within the 
sample. 
Stejskal and Tanner (88) deliberately introduced a pulsed 
field gradient into the spin echo experiment in order to measure 
D. A constant gradient G is applied for a time 5 between the 
^ and ît pulses and between the it puise and the formation of 
the echo. The constant background gradient Go includes the 
magnet inhomogeneity and the interna' demagnetization fields. 
The attenuation of the echo for the puised gradient is given 
by 
.M(2t) = M/ expL-T^D{(^)-3Go^ - 5^(3^ -o)^ 
-6[(t-/ + t2^) + 6 (t 2 + t-) + 2-^] G ' Go } j (12) 
where A is the time between gradient pulses, t2 = 2t - (r-i 4- à -^ô) , 
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and Mo' includes the T2 term. In many experiments the term 
can be made much larger than (G*Go) - The (G'Go) term may be 
neglected provided -] JI >> -j. When this condition is met and 
lÉol 0 
Mo" = Mo'expL-y^Dr^Go^ (I-) ] , a constant, then the echo attenuation 
i s 
= exp[-Y^Dô2G(A - jS)]- (13) 
Determination of the strength of the applied gradient G from a 
standard allows Irhe measurement of D. 
The multiple pulse experiments are best explained through 
the application of average Hamiltonian theory (35, 36, 39) 
to the behavior of the nuclear spin system under a radiofrequency 
pulse sequence. The time evolution of the nuclear spin system 
is governed by the time evaluation of the density matrix operator, 
p, which obeys (89) the equation 
i^ = [H, p] , (1m) 
in units such that Ti = 1, with H being the spin Hamiltonian. In the 
interaction frame of the Zeeman Hamiltonian, the spin Hamiltonian 
H(t) = + H__^(t) . (15) 
In the absence of nuclear quadrupole interactions, of motion, 
and oT heteronijclear dipolar interactions, the internal 
Hamiltonian has no explicit time dependence and is given by 
"inf " (" - -0)L -J n c I «_» 
+ SZ S..(r..)(T.-T. - 3 1  . !  - }  ( 1 6 )  
i <j ' J -J • J - ' 
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where Wq is the resonant frequency, a . describes the electronic 
zz I 
shielding of the inucleus, and B.^Cr.J contains the spatial 
portion of the homonuclear dipolar interaction. H^^(t) is 
strongly time dependent and provides the major perturbation to 
the nuclear spin system. 
The solution of equation (14) is given by 
p(t) = U(t,o)p(o)U+(t,o) (17) 
where the time development operator can be written as 
U(t,o) = U^^(t,o)Uj^j. (t,o) 
and the U.(t, o) are determined by the solution of 
.dU;(t) 
= H.U.(t). (18) 
dt i i 
The solutions to equation (18), given by the Dyson expression 
(89), are 
U_^(t,o) = Texp[-i/'^H^^(t')dt'] (19) 
and 
U:_»(t,o) = Texp[-if^H;^^(t')dt'] (20) 
where T is the Dyson time ordering operator and 
D _ N+ F» II 
":nt'"' "rf'''~'";nt"rf'"'~'' 
the H ^(t) is periodic 
RT 
H^^(t + Nt^) = Hpf(t), (22) 
'ï» Ç O »->•»- O t : nnii » 
Y V  I  :  C  I  C  «  »  I  w  »  
and eye ! i c 
= 0; (23) 
the H. ^ becomes oeriodic as well. From eauations (19) and (23), 
I nt 
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Uj.^(Nt^,0) = Texp(O) = 1, (24) 
and then 
(25) 
Using the Magnus expansion (90), 
where 
flint"-) ]  ( 2 8 )  
c' o ^ 0 * o 
Hi„,(t-)1I + [Hi„^(t'), [H,„,(t-),H,„j(t-)]I). (29) 
The strong condition for convergence of this series is 
(30) 
At times t = Nt^, the density matrix behaves as if it develops 
under an "average" Hamiltonian 
H = H}"' 4- ni'/ ^ (31) 
1 nt !Pt !nt In L 
which : s time independent. Hence, the set of interaction 
Hami1 tonÎans given by equation (16) is not unalterable. 
Specific pulse sequences can be used to suppress the effects 
of a particular Hamiltonian to obtain the information contained 
in another. The results of the application of average Hamiltonian 
theory to the MREV 8 pulse (AO, 41, 44), the Burum and Rhim 24 
pulse (43); and the dipolar narrowed Carr-Purcell (49) sequences 
»  m »  ^  a  1  I  
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Multiple pulse NMR allows the measurement of the chemical 
shift interaction in many chemical systems where this information 
has been obscured by dipolar broadening. The electronic shielding 
of nuclei is one of the most important pieces of information 
to chemists, since it elucidates the local environment of the 
nucleus, i.e., indicates molecular structure. The shielding 
Hamiltonian, expressed in irreducible spherical tensors, has 
mL -m 
where the T. describe the spin variables and the on 
-c, m -c, -m 
describe the components of the second rank shielding tensor. 
The nonzero components in the tensor's principal axis system 
(pas), denoted by pp are related to the pas by 
" 0 , 0  •  
./^  ^ ./T" 
^ 2 , 0  2  ^  
pg, +2 ^  7(^22 " Cii) = fnû. (55; 
The pp ^ can be expressed in the LAB system by 
(lab)  _  r  n  
C/.-m -
Where » S,y represent tue buier angles oy wnicn ine lmd system 
is brought into coincidence with the PAS. Substitution of 
equations (33) and (34) into equation (32) gives 
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Wol^{jTra_ + |-( (3cos^B - 1) + tisin^ScosZy) } . (35) 
When the sample is rotated with frequency about an 
axis inclined at an angle 0 away from the static magnetic 
field, two transformations are needed to relate a^(PAS) to the 
a^(LAB) . The equation (34) becomes 
a, (LAB) = Z,D^{0,8,Wrt)Z,,Df (n')pp (36) 
Z , - m  m m',-m ^ ^ 
where 9.^ represents the Euler angles which bring the PAS into 
coincidence with the sample spinning coordinate system. After 
time averaging, the shielding Hamiltonian is given by 
= Wol^{-^ro_ + ^(3005^8 - 1 ) •!-[ (3cos^B - 1) + ris in^Bcos^y]}. (37) 
Pembleton (91) has shown that "time averaging" is equivalent 
to spinning at ^^>>(0^2 " -^ro_) by calculating the expectation 
value of the nuclear spin operator 1^. In addition, Pembleton 
(91) has discussed the interaction between the homonuclear 
decoupling and magic angle spinning. if the rotational cycle 
time t^ is long compared to the multiple pulse cycle time t^, 
there is r.c interaction between the two experiments with 
respect to the dipolar decoupling. in general, dipolar 
broadening on the order of 20,000 Hz and stable rotation 
speeds of L::it 4,000 \\z ere sufficient for meeting this 
cond it ion. 
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EXPERIMENTAL 
NMR Spectrometer 
With the development of Fourier transform NMR, the pulse 
sequences used for NMR experiments have progressed from simple 
sequences to measure relaxation times to the complicated multiple 
pulse sequences for homonuclear decoupling. As the chemical 
systems became more difficult to study [in terms of shorter 
multiple pulse cycle times needed for protons in rigid solids 
with short spin-spin relaxation times, or in terms of signal-
to-noise ratio needed for observing residual protons in such 
systems as Si02-Al203], the technical challenges resulting 
from the desire to study these systems place more stringent 
requirements on the spectrometer. 
The pulsed NMR spectrometer is a broad band, high power 
(%500 watts) unit similar to those discussed by El let et al. 
(32) and by Rhim et al. (^l)- Operating at a frequency of 
56 MHz for protons with a deuterium lock for magnetic field 
stabilization, the spectrometer takes advantage of tuned 
circuits wherever possible to improve signal-to-noise, as 
shown in Figure 1. However, the Q.'s have been purposefully 
kept low, while sacrificing signal-to-noise, to minimize 
trans i ents. 
The receiver consists of three stages, the first being 
an Avantek node! 511 amplifier with the next two being Spectrum 
Figure 1. Block diagram of multiple pulse spectrometer used for hornonuclear decoupling 
experiments 
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Microwave Model SMLD-10 limiting amplifiers, with a total 
gain of approximately 60 db. Following a 1.5 usee pulse, 
the dead time of the receiver before recovery of a NMR signal 
is approximately 3.5 usee. This period is dominated by probe 
ringdown. The transient recorder is a Biomation 805, with a 
minimum sampling time of 0.2 usee per channel. The memory of 
the unit contains 2048 eight-bit words. The Biomation is 
interfaced to a POP M/10 computer for signal averaging and 
data manipulation. 
The transmitter is an IFI model 404 distributed amplifier 
system capable of 500 watts in pulsed operation. With proper 
matching of the transmitter to the probe by a n circuit to 
symmetrize and minimize phase transients and with a probe of 
Q. less than 30, Pulse widths of ^ LO usee can be attained. Care 
was taken to maximize the homogeniety of the field produced 
by the probe. 
The pulse programmer allows the utilization of multiple 
pulse sequences requiring four different rad:cfrequency phases. 
The unit has four channels with analogue control of pulse 
widths, three channels with digital control of pulse widths 
ar .C:  U  .  :  u  b  r  l :  L  :  Cv" :  ,  c i ld  th rSc  iJS60 85  t  r  ;  cccr  3  
for experimental events. it is based on a Motorola 6800 
microprocessor system and has been previously described (93). 
The NMR probes made use of standard tapped-series tuned 
circuits. A gas flow system was used to vary temperatures. 
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The sample spinning probe (94) and scalable rotors (35) for 
oxygen and water sensitive compounds have been described 
elsewhere. 
The ability of the nmr spectrometer to remove homonuclear 
dipolar interactions has been determined (96; by utilizing 
the mrev-8 cycle (40, 44) on with the external field along 
the [III] direction of a cylindrical single crystal of CaF2. 
A iinewidth of 54 Hz was obtained in such measurements. 
Pulse Gradient Unit and Probe 
The resonant circuit for the NMR measurement in the probe 
used for diffusion measurements is also a standard tapped 
series tuned circuit. The magnetic field gradient is supplied 
by a quadrupole coil constructed according to the design of 
D. S, Webster and Marshen (97). The gradient coil is 4 cm 
long, has an average i.d. of 15 mm, and is wound with 10 turns 
THÔ î c; UTIK. Tnf» rnil COnSt^nt . 
calibrated by the method of Stejska] and Tanner (88) using 
water and glycerol as standards [taken to be 3-2 x cm^/sec 
for glycero; (98, 99) 2nd 2.35 x iO~" cm^/sec for water (100. 
101)1 is 9-35 (G/cmA). The pulse gradient unit is similar 
in design to that given in reference 101. Gradients of 100 G 
are achieved in gradient pulses of 20 usee in duration. 
Temperature is controlled by air flow through a annular 
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"race track" groove machined in a cylindrical aluminum block 
in which are inserted the quadrupole and NMR coils. 
D ««lars-i »-a t- * r\n f M •» 
The hydrogen molybdenum bronze H1.7M0O3 may be prepared by 
the "wet chemistry" method of Glemser and Lutz (71). in this 
preparation, 10.0 g of M0O3 (ACS, 99.5%) and 3-0 g of granulated 
Zn were pumped in vacuum in a 200 ml round bottom flask with 
a stopcock side-arm. Dry nitrogen gas was bubbled through 
concentrated HCl and through H2O to displace oxygen. Under a 
nitrogen atmosphere, 50 ml H2O and 10 ml HCl were added. The 
mixture was stirred overnight. 
Using a filter stick, the mixture was filtered under a 
nitrogen atmosphere. The product was washed four times with 
distilled, degassed H2O. The mother liquor was tested for Cl~ 
by adding AgNOg. When no white precipitate formed, the blue 
. 2-5-
in the hydrogen spillover method (70), the platinum 
was dispersed within the powdered molydbenum trioxide by 
T  ^ ^ ^ ^ ^ T « a ^ Ol M c ^  1 » I  + "  I  r* 
I  I  )  I  I  V I I  V V l C t t  U i l W  •  O  V V ^ t W K I W  V  «  C i  
of HgPtClg prepared using distilled, deionized water. The 
solution was diluted to about 30 ml and 20.0 g of M0O3 powder 
was added while stirring. The slurry was hand stirred and 
heated gently over a hot plate until the solution evaporated. 
Mfsy c I uiTips were oroKen as cncy formed. • hs rr^tcr^61 v.'ss thsn 
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heated to 120°C in air overnight. The sample prepared in 
this manner contained 2.0% Pt by weight. The hydrogen 
molybdenum bronze was prepared by exposing the above mentioned 
Pt/MoOg, previously evacuated at 60°C for one hour, to dry 
hydrogen gas. A liquid nitrogen trap was kept between the gas 
handling system and the reactor. The bronze has been reported 
to be formed in less than thirty minutes (14). The sample was 
allowed to sit in hydrogen for three hours to assure equilibrium. 
The stoichiometries of the samples were verified by proton 
spin counting (102). The "wet" sample was determined to be 
Hl.74(±o.l5)Mo03. The sample prepared using the dry hydrogen 
spillover technique was found to have the stoichiometry 
Hl.66(±0.15)Mo03. 
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RESULTS AND DISCUSSIONS 
Combined Multiple Pulse NMR and Sample Spinning 
The usefulnsss cf the combined rr^'jltiple pulse NMR and sample 
spinning experiment to provide chemical information is easily 
demonstrated. The NMR absorption spectrum of 2,6-dimethylbenzoic 
acid from a homonuclear decoupling experiment is shown in Figure 2. 
The lack of distinct spectral features results from the overlap of 
the chemical shift tensors of the acid, aromatic, and aliphatic 
protons. 
In contrast, the NMR absorption spectrum for the same 
compound obtained using the Burum and Rhim 24 pulse sequence (43) 
and a magic angle rotation speed of approximately 3 kHz has been 
previously reported (103) and is shown in Figure 3- The shifts 
corresponding, in order of decreasing shielding, to the 
aliphatic, aromatic, and carboxylic acid protons are clearly 
' *  •  *  "  -  '  ^  1  — L  :  M  U « 5 L I ( ) U W I 5 I IC! U # C • lit ^ I III lO I I ^ I o I •_> V I ^ * V « ^ f » « * / ^ ... 
fair agreement '.-.••th the 6:3: î ratio expected for the aliphatic, 
2rcm2t!c, and acid protons. The solid state spectrum shows a 
difference from thai; obtained ir. solution. Ir. dilute deuterated 
acetone, the carboxylic acid proton chemical shift is at -10=7 ppm 
relative to TMS. In the solid, this resonance occurs at -14.8 ppm. 
This downfield displacement of the resonance signal simply 
reflects the well-known formation of hydrogen-bonded dimers in 
zne so'iic form of carboxylic acids (104). 
Picjure 2. ^ H NMR absorption spiictrum of 2,6-dimethyl benzoic acid under a homonucle<ir 
decoupling exper imen: without sample spinning 
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Ficjure 3. Combined multiple pulse NMR and magic angle spinning spectrum of 
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The NMR absorption spectrum of 2,6-dimethyibenzoic acid 
under combined homonuclear decoupling and sample spinning at 
9 = 75° has been previously reported (105) and is shown in 
Figure 4(a). The peaks at about -13, -8, and ~h ppm with 
respect to TMS may be identified with the acid, aromatic, and 
aliphatic protons respectively. A lineshape associated with 
axially symmetric chemical shift anisotropy is clearly evident 
I  W  I  L  *  ^  »  
The chemical shift tensor orientation is described by the 
solid angle In powdered samples, all angles 0 are equally 
probable and the 1 ineshape is generated by summing over all 
possible orientations. if the chemical shift powder pattern 
is assumed to be broadened by a Lorentzian broadening function, 
one obtains 
l(w) = r^{[w(6,Y) - + 1} "singdgdy 
J o J o 
where oj(S,y), recalling equation 37, is given by 
w(p,Y) = ùjo{-|Trû_ + y(3cos^9 - l)'§^(3cos2g - 1) ^  ns i n^Bcos2'r]} 
with 9 as the angle between the axis of rotation and the static 
magnetic field. Under rapid sample rotation, the spectrum is 
DV«.oicu u y a V . 
An expanded version of the soectrum of 2,6-dimethylbenzoic 
acid illustrating the computer fit of equation 33 for the axial 
symmetric case (n = 0) to the experimental data for the acid 
Figure 4a. NMR absorption spectrum of 2,6-dimethylbenzoic 
acid under combined homonuclear decoupling and 
sample spinning at 0 = 75° 
Figure k h .  Enlarged portion of the same spectrum corresponding 
carbcxyl -H chemical shift tensor 
38 
( a )  
— oh 
SHIFT (ppm) 
( b )  
V 
-18.6 -16.6 -14.6 -i2.6 -iO.ô -6.6 
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protons is shown in Figure 4(b). For 6 = 75°, the scaling 
factor ^ -(Bcos^B - 1) is approximately -O.k. The experimental 
anisotropy Aa = 0^ ~ °j_ ~ "5-7 ppm is indeed scaled by about 
this amount (including sign reversal) when compared with 
previously reported carboxylic acid tensors. The principal 
values, obtained via the computer fit of equation 38 to the 
experimental data, are a^= -18.5 ppm and Ojj = -4.2 ppm, 
relative to TMS. yielding an anisotropy of +14.3 ppm. 
The anisotropy reported above for carboxylic acid protons 
in 2,6-dimethylbenzoic acid is 2.5 ppm less than the smallest 
previously reported anisotropy for protons in a carboxylic 
acid (106). In order to check the viability of the combined 
multiple pulse and sample spinning technique for quantitative 
determinations of proton chemical shift tensors, the chemical 
shift anisotropy was also measured for squaric acid using the 
Burum and Rhim 24 pulse cycle with, and without, sample spinning. 
Squaric acid contains only one type of proton, the carboxylic 
acid proton, and has been investigated several times in the past, 
both as a powder (107) and in single crystals (108). Table ! 
compares the values obtained with those previously reported. 
'WiL:;::: experimental error (±1 ppm or. ony tenser component), the 
values inferred from the spinning and static experiments are in 
good agreement, and the anisotropy compares favorably with that 
previously measured in powdered squaric acid. However, it is 
ko 
Table 1. Carboxyl chemical shift tensors^ 
Sample Oil ®22 ^33 
b 
^iso Aa^ 
Method^ Reference 
Squaric acid - 2 2 . 5  -22.5 -0. 1 14.6 22.4 MP,PW This work 
-21.7 -21.7 • -0.2 -14.5 21 .5 m p , s s , p w  Thi s work 
- 1 8 . 5  -18.5 3.5 -11. 2  22.0 MP,PW 107 
-26.5 -20.2 1.0 - 1 5 . 2  2 7 . 5  m p , s c  108 
2,6-DMBA® 
00 u\ CO 1 
-4.2 
- 1 3 . 7  14.3 MP,SS,PW This work 
"Referer 
b 
^i so 
ice is in 
J(AII + 
1 ppm relat 
(^22 C32) 
ive to t m s .  
^Aa = (033 - Oil) 
"^MP, multiple pulse; PW, powder spectra; SS, sample spinning; 
se, single crystal. 
®2,6-dimethy1benzoic acid. 
seen that only the single crystal study was able to clearly 
distinguish the nonaxial symmetry of the tensor. Within the 
v ^ u / L - a t i t O L ^ i ^  r v t c t i  ^  ^  
results appear to be as reliable as in the case of static 
saip.ples. In view of the experimental error, the isotropic 
. - — * . . ^ ^ ^  ~T ^ V —— ^ ^ 1 a ^ ^ O) 'T  »• V a I UC V ! i J • / yu'liv^uv.ain'^u llWUt 1 « c u 1 1 *y w><C^ ww L ^  i.
is in reasonably good agreement with -14.8 ppm obtained from 
the macic anale soinnina exoeriment. 
Nature ar.d Mobility of Photons in H1.7M0O3 
The X-ray photoelectron (XPS) spectra of the core 3d 
electrons of Mo in the two samples prepared by the wet and the 
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dry methods are shown in Figure 5(a) and 5(b) respectively. 
These data were obtained using an AEl ES200B spectrometer with 
A1 monochromatic radiation (1486.6 eV) with a maximum resolution 
of 0.5 eV. The solid lines were generated by APES (109), a 
computer program to Analyze Photo Electron Spectra. 
Sermon and Bond (70) point out that the average oxidation 
state of molybdenum should decrease from +6 in M0O3 to +5 in 
HMoOg and to +4.3 in H1.7M0O3. The average values could arise 
from the summation of suitable fractions of Mo^^, Mo^^, Mo^^, 
or other oxidation states. If the 7M0O3 contains a mixture 
of empty, singly, and doubly filled interstices, one would 
expect the major ionic species to be Mo"*"^, plus a smaller amount 
of Mo^'G and Mo^^. This model of three different oxidation 
states for Mo, allowing amplitudes, positions, and full widths 
at half maximum (FWHM) to vary, was used to interpret the 
observed XPS data. The results are given in Table !!. The 
results of K. S. Kim et al. (110) and Cimîno and DeAngelis 
(ill) are given in Table iii. 
The 3d5 - Sd; oeaks for Mo^^ are found at the appropriate 
Y 2 ' 
binding energies. The fitted areas indicate that the majority 
of the no detected is present as no"^"". The FwHn î s in reasonable 
^  « —  • * "  1 . 1  «  ^  \  f  y  I  ^  f M  r \  ^  
 ^U> ^   ^ 4- U. »- Cl.f U W f ^  ^f r-v o c • ' —11-%/-« ! ! [ 3 f c. /-M-» c « c^ ori+- \»i t f- k 
3 r\-r ' A Ti c ^ o c "f r\ f +• n Ô 3 m X 3 Ç c Î rrnmon t" Ç 
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Figure 5- XPS data for H-i ^MoO? pren-rpH bv a"! t-hc "waf" 
preparation method and b) dry hydrogen soi Hover 
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Table I I. XPS data for bronzes^ 
Hi.66M0O3 
(hydrogen spillover) 
Type 1 
Mo 
Type 11 Type I 11 
Binding Mo 3d^ 
0 
229.7 231.0 233.1 
Energy (eV) 3di 
2 
232.9 234.3 236.3 
(eV) 1. 0  ±  0 . 2  2 . 3  ± 0.4 3 . 7  ±  0 . 6  
Hi. 71+M0O3 
("wet" preparation) 
Binding Mo 3d5 
2 
229.8 231.2 2 3 2 . 7  
Energy (eV) 3d3 
2 
233.0 234.4 235.9 
FWHM (eV) 1.5 ±  0 . 2  1 . 9  ±  0.3 1 . 5  ±  0 . 3  
^Binding energies are referenced to C at 285.0 eV. 
The assignments of type I I as predominantly Mo^^ and type iii 
53 predominantly do net sssm to be unreasonable. The difficulty 
in interpreting the spectra lies in the rather broad FwHM for that 
portion of the spectra associated with Mo"*"^ and Mcr^. These 
scmav.'har bread structureless rsdLurcS preclude an jns-b:gucuc 
determination of the number of the different types of Mo present, 
assuming the model of three types of Mo. 
For the purpose of the present discussion, the most important point 
of figure 5 's that the spectra of both samples are essentially identical. 
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Table 111. Binding energy values for Mo 3d doublet 
SAMPLE REFERENCES^ BINDING ENERGY (eV) 
34 
FWHM^ (eV) 
Mo 1 1 0  2 2 8 . 0  231.2 1 . 3  ±  0 . 2  
M0O2 1 1 0  229.3 232.4 1 . 6  ±  0 . 2  
1 1 1  229.5 232.7 
MoO ^ 
X 
1 1 0  231.2 234.3 2 . 1  ±  0 . 2  
(Mo+5) 1 1 1  231.8-231. 3  2 3 5 - 2 3 4 . 8  
MoO 3 1 1 0  232.3 234.4 1.4 ± 0 . 2  
1  11 232.8 236 
^Mo metal binding energies from Reference 110 agree with those 
used for Table 1. The data may be directly compared. 
''The values reported in this table from Reference 111 were 
adjusted to make C = 285.0 eV to allow direct comparison with Table I I. 
" p'j Î I i-f I -H r K 1^- h^ îf mav i mi im . 
^^ 2 < X < 3. 
The similarity of the two samples is also seen in the response 
of the protons in these samples to a single pulse NMR experiment 
at room temperature. The bronzes show an effective transverse 
relaxation time, T2*, of approximately 3 msec. This relaxation 
time, which is unusually long for protons in solids, can be 
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dipolar interactions. That such motional averaging takes place 
is indicated by a comparison of the hydrogen NMR absorption 
spectra of the spillover bronze under a single pulse experiment 
(Figure 6(a)) and that from an experiment which removes static 
interproton dipolar interactions by strong pulse decoupling 
(Figure 6(b)). Both the lineshape and the magnitude of the 
anisotropy of the Fourier transform of the Free Induction 
Decay (FIB), as shown :r. Figure 6(a), are characteristic of 
anisotropic magnetic shielding. The fitted spectra indicate 
the shielding to be axially symmetric, with an anisotropy of 
Aa = Cj| - o= -22.7 ppm and an isotropic value of -3.6 ppm 
relative to HgO. The same lineshape and anisotropy are obtained 
under the MREV-8 multiple pulse sequence (40, 41, 44), as shown 
in Figure 6(b), which has been shown to remove static homonuclear 
dipolar broadening to first order, when the frequency scaling 
under the MREV-8 sequence is taken into account. The important 
point is that the particular motion responsible for averaging 
the homonuclear dipolar interactions does not average the 
shielding anisotropy in this sample. This effect is easily 
understood when it is realized that the shielding is tied to 
the lattice, but the proton-proton :nternuc'iear vectcrb arc 
Figure 7 shcv.-s the Fourier transform of the F!D for the 
"v.'et" preparation bronze at room temperature. There is found 
Figure 6. NMR absorption spectra for the hydrogen spillover 
uiuu^c unuci a; a s i u y i c i uici : u oii<-< «v / c, 
homonuclear decoupling experiment 
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an anisotropy of Aa = -20.3 ppm with an isotropic value of 
-1.0 ppm with respect to H2O. The anisotropics of the two 
bronzes overlap within experimental error, assuming an uncertainty 
of ±1 ppm for any tensor component. However, it is interesting 
to note that Slade et al. (66) reported an anisotropy of 
Aa = -20.1 ppm for Hi^yiMoOg made by the "wet" method. For 
comparison the values of the shielding tensors are given in 
Table !V. 
Magic angle spinning (MAS) can be used to remove the 
shielding anisotropy (23-29). The NMR spectrum of for the 
hydrogen spillover bronze under MAS is shown in Figure 8(a). 
The major species is at -3.6 ppm relative to water. A second 
species of proton (2% of the total proton concentration) is 
found upfield at +5 ppm. The two peaks at +15 and -23 ppm 
are spinning sidebands. In the "wet" preparation bronze 
(Figure 8(b)), the concentration of the second species is 
12% (±2%). (in the NMR spectra, corrections for magnetic 
susceptibility (61) [% 2 x lC~^emu cgs/g] were neglected.) 
Under MAS, the FWHM is I. 9 6  ppm for the hydrogen spillover 
bronze and 2.64 ppm for the "wet" preparation bronze. A 
discussion of z'r.s resc'mtlcr. schievsbls with the pressnl 
spectrometer has been given by Ryan et ai. (105). However, 
for the present purpose, a liquid H2O sample in a rotor 
( non so !nning) with signal averaging has a FWHM of 0.6 ppm. 
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Table IV. shielding tensors for Hi ^MoOg a 
b c 
SAMPLE o a, a .  A a  
II J_ ISO 
H1.66M0O3 -18.7 3.9 -3.6 - 2 2 . 7  
(hydrogen spillover) 
H1.74M0O3 -14.6 5-7 -1.0 -20.3 
("wet" preparation) 
^Reference is in ppm relative to r^O. 
''"iso ' + °II)' 
'^Arr = (a. I - CT^) . 
The maximum error in setting the magic angle (105) 'S less 
than 0.5 degree, introducing an error of less than 0.25 ppm. 
T2 has been measured to be 125 msec at room temperature. Lifetime 
broadening under a single pulse experiment is = 0.05 ppm. 
Thi.iS; fhe observed linewidth is not limited by experimental 
conditions or lifetime broadening. However, one should note 
that the same asymmetry of the predominant species is observed 
in both samples. A crystal of M0O3 (69) consists of distorted 
octahedra, with each octahedron sharing two adjacent edges with 
its neighbors to form zig-zig chains. The asymmetry may result 
from a shielding dispersion dus to different oxygen atoms having 
different numbers of Mo nearest neightbors. Still, the achievable 
C3U » c-c. ^  c distinctly different proton 
Figure 8. '-H NMR absorption spectra of hydrogen spillover 
bronze (a) and the ''wet'' preparation bronze (d) 
under magic angle spinning 
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The high field species may be a hydride associated with Mo. 
Although Mo is not generally thought of as a hydride former, the 
species MoH has been reported (112). 
The identification of the low field species proves more 
difficult. Figure 9 shows the NMR spectra of the bronze 
prepared by hydrogen spillover under sample rotation at various 
angles with respect to the magnetic field. The solid lines show 
a computer fit of the analytical expression for a shielding 
tensor under rapid sample rotation given by equation 38 fitted 
under the assumption that only one species is present. Under 
all spinning angles except at the magic angle, the observed 
lineshape near the center of the spectrum can be reasonably 
well-described by the assumption of one magnetic shielding tensor. 
The presence of the minor species {2% of the total proton 
concentration) is probably the cause of the poor fit in the 
wings (ignoring the obvious artifact of the two spinning 
sidebands at the outside of all spectra). if the observed 
lineshape is due to the predominant species of proton, then 
it should be noted that the anisotropy of -22.7 ppm, although 
of similar magnitude, is opposi te in sign to that of hydrogen-
bended -OH groups, for example» in = ce (ill. 114). 
However, the absence of static homonuclear dipolar broadening, 
as inferred from Figure 5. indicates proton motion. Indeed, the 
proton motion is reflected in both the spin-lattice (Figure 10) 
MMR absorption spectra of the hydrogen spillover 
bronze under sample rotation at various angles with 
respect to the magnetic field 
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Figure 10. Ti;mpcra1ure dependence of the spin-lattice relaxation time at 56 MHz. The 
viihic ol (T^^T) in ;i(;c K is obtained from the slope of the line 
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and the spin-spin (Figure 11) relaxation times as a function 
of temperature. The spin-lattice relaxation time may be analyzed 
according to BPP (17) theory with 
The minimum for Ti occurs at ux = so the constant Ci is given 
by 
Correcting the observed spin-lattice relaxation times for the 
contribution from the conduction band electrons (T^^T = 300 sec K), 
the spin-lattice relaxation times, resulting from homonuclear dipolar 
interactions, gave a correlation time of 1.7 x 10"^ sec at 295 K 
with an activation energy of = Q.k sV. These values are in 
reasonable agreement with the correlation time of x 10"^ sec 
and activation energy of = 0.3 eV obtained by Cirillo and 
Fripiat (59). Cirillo et al. (60) estimated a diffusion 
coefficient from the sp:n-lattice relaxation times of the 
procons Oil lhc orocr ct 4 x iu ' cm^/33C« 
in an effort to learn more about the mobility of the 
protons, the diffusion coefficient was measurea by the pulsed 
field gradient technique of Stejskal and Tanner (38). The 
measurement of proton diffusion within the bulk of the hydrogen 
spiilover bronze 238 K is facilitated by the absence of static 
homonuclear dipolar interactions. The hydrogen spi'lover 
sample was chosen since it has essentially one proton species 
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(98% of the total proton concentration). The background gradient 
of Hi GgMoOg was estimated to be Go'^15 gauss/cm by the comparison 
of a single spin echo amplitude to the echo amplitude under the 
Carr-Purcell sequence, as discussed in the Basic Theory section. 
Using an applied field gradient of G~300 gauss/cm to meet the 
condition of G>>Go, a proton diffusion coefficient of 
D = (7.9 - 1.6) X 10~® cm^/sec was obtained for Hi.ggMoOg by 
varying 6. The results are shown in Figure 12. The standard used 
for this diffusion experiment was H2O. in order to determine 
the effect upon the measured value of the diffusion coefficient 
by eddy currents induced by the applied gradient within the sample, 
the experiment was repeated by applying a constant gradient G for 
a constant time 6, such that any induced background would be 
constant. The diffusion coefficient was obtained by varying 
only A, the time between gradients. Within experimental error, 
the same value of D was obtained. 
Since the value of the diffusion coefficient obtained from 
the spin-lattice relaxation times was calculated with the 
assumption of isotropic motion, the difference between the 
calculated diffusion coefficient and the experimentally measured 
one may yive an indication of the degree of an-sctrcpy in the 
proton motion within the bronze. (it should be pointed cut that 
artifacts of the pulsed gradient experiment are such that errors 
in the experiment would cause the experimentally measured value 
Figure ] ? . ,  trans lationa) self-diffusion coefficient for HiGgMoOg at 298K 
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to be larger than the actual value. The repetition of the 
experiment with a constant gradient was an effort to show that 
the measured value is indeed the actual value.) It should also 
be noted that a high temperature (~300 K) plateau (Figure 11) in 
the effective spin-spin relaxation times has been observed (66) 
and may also be a reflection of anisotropic diffusion. If this 
is the case, the observed shielding powder pattern under a single 
pulse experiment may be the result of averaging by rapid anisotropic 
motion. The effect of anisotropic molecular reorientation on the 
shielding tensor is well-known (13). The value of Aa. -22.7 ppm, 
observed for the bronze at room temperature (in comparison to 
Aa = 2 8 . 7  ppm for in polycrystal1ine ice (114)) clearly 
negates an identification of this species as a proton rotating 
about the C2 axis at a speed fast compared to the anisotropy 
of the shielding tensor of hydrogen in ice. 
!n order to learn more about the nature of the predominant 
species of proton, low temperature NMR studies were performed. 
Under a single pulse experiment, the difference bewreen the two 
bronzes becomes more evident. Figure 13 shows the NMR 
absorption under a single pulse experiment at 90 K for both 
the hydrogen spillover (A) and ''wet'' preparation (B) bronzes. 
1113 LCau w 1 LI ic uauoi uiv^au 1 00 uwicicaa 
rigid solids, both bronzes display structure in the dipolar 
spectra. The difference between the spectra is clearly evident. 
!-ic|ure 13. NMR spectra under a single pulse excitation at 90 K for the hydrogen 
spillover bronze (A) and the "wet" preparation bronze (B) 
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Figure shows the NMR absorption spectrum for the 
hydrogen spillover bronze under a multiple pulse homonuclear 
decoupling experiment using the Burum and Rhim 2k  pulse sequence 
(A3) at 90 K. The solid line shows a computer fit of a shielding 
tensor (under the assumption that the high field species 
contributes negligibly to the signal) with the same anisotropy 
as was observed at room temperature but with a larger broadening 
function. The residual broadening presents problems in determini 
the exact anisotropy. Since the multiple pulse sequence has been 
used to average the static homonuclear dipolar broadening for 
protons in ice (43), certainly one of the most severe tests of 
the narrowing ability of the sequence, the residual broadening 
could be heteronuclear in origin, resulting from the dipolar 
coupling of the protons to the quadrupolar species of Mo. A 
dipolar narrowed Carr-Purcel1 experiment (48), which averages 
homonuclear dipolar interactions, magnetic shielding anisotropy, 
magnetic shielding, and heteronuclear dipolar broadening, at 
90 K gives a time constant of T^^ = 25.4 msec. This number 
corresponds to a Lorentzian 1inewidth of —=—= 12.5 Hz, 
1 V 
demonstrating that the 1inewidth observed under homonuclear 
decoup'ing experiments et 50 K is shielding snc hctercnuclcar 
broaden i ng. 
Spin-lattice (Ti_) relaxation times were also recorded 
(Figure 10) down to 85 K using an inversion recovery technique 
in order to obtain a better value (59) of T,_T. The value of 
Figure 14. hi NMR absorption spectrum for the hydrogen spillover bronze under a 
multiple pulse honionuclear decoupling experiment at 90 K 
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= 300 sec K is in the range of that found for protons in 
metallic hydrides. For example, protons in YHi,g2 (81) have 
=  2 8 6  sec K. The usual expression for the T1 relaxation 
due to conduction electrons is given by (31) 
^ 2y |2^2 ^ (40) 
T 9 'e 'n E/ '"F 
le r 
where represents the gyromagnet ic ratio for electrons, 
represents the gyromagnetic ration for nuclei, kg is Boltzmann's 
constant, and p(Ep) is the density of states at the Fermi surface 
The quantity E can be defined as 
<|Y(0)|2>c 
^ " <|Y(0)|2> —, (41) 
atom 
where <|Y(0)|2>^^^^^ is the electron density at the proton site 
for a free hydrogen atom and <|Y(0)!2>c is the corresponding 
"F 
contribution from conduction electrons obtained from an average 
over all orbits at the top of the Fermi distribution. The rate 
expression for —— is the result of the contact interaction 
with the S-'iike conduction electrons which is appropriate for 
hydrogen since the IS part of the conduction electron wavefunction 
is expected to be the important part for the proton. So, Ç is 
a measure of the conduction band electron density near Lht: 
proton. Making the same approximations as Scnreiber (m5) yields 
a value of 4 0.37, confirming a significant portion of the 
hydrogen electrons are in the conduction band of H^^yMoO?. 
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However, one must exercise caution in using low temperature 
data to explain room temperature phenomena. Both a discontinuity 
in the heat capacity (62) and a change in the susceptibility 
behavior (61) from Pauli-type at high temperatures (300 - 220 K) 
to Curie behavior below 220 K have been observed in Hi^sgMoOg. 
Dickens et al. (64) used results from inelastic neutron 
scattering at 80 K to infer the presence of -OH2 groups in the 
bronze. Neither this work nor that of CiriMo et ai. (60) 
discounts the existence of an associated pair at low temperatures. 
However, the room temperature proton NMR data is not consistent 
with this model. The shielding tensor and proton mobility in 
Hi^yMoOg at room temperature suggest the predominant, low field 
proton species to be a unique entity. 
Debate exists over the nature of the protons in the 
hydrogen molybdenum bronzes, with these compounds also having 
been formulated as oxyhydroxides. Mo03-x(0H)x (71). The present 
work indicates this not to be an appropriate formulation. There 
are two chemical species of protons :n these materials. At room 
temperature, there is also evidence to indicate that the dominant 
species IS not a hydroxy! proton. Although the data at lower 
temperatures does r.oz prsciude ths of an associated 
pair such as -OH2; the low temperature soin-lattice relaxation 
data indicates 2 behavior similar to that of metallic hydrides, 
as pointed out by Cirillo and Fripiat (59;. 
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In fact, while many physical properties are alike, the two 
hydrogen molybdenum bronze samples used in this study were not 
identical, as evidenced by the low temperature proton NMR spectra 
under single pulse excitation. In addition, the bronze prepared 
by the "wet" method contained a greater concentration of the 
high field species of proton relative to the predominant species. 
Hence, the method of preparation proves to be an important point. 
With regards to the method of preparation, the measurement 
of the proton diffusion in the hydrogen spillover bronze provides 
information about the rate determining step for the formation 
of Hi^yMoOg via hydrogen spillover. The formation of H1.7M0O3 
by hydrogen spillover has been described by Cirillo and Fripiat 
(59) as occurring in three steps: first, dissociative 
chemisorption of molecular hydrogen on the surface of the 
platinum; second, transfer of the hydrogen species formed to 
••Ko 3 n /"i ••Ko /^virîo lpi+*+*i/~o lo\/\/ 
and Boudart (116) have shown water to be an efficient carrier 
for the second step. Cirillo and Fripiat noted that even 
when working with dry hydrogen gas it can be assumed that 
surface hydration produces a small amount of water which could 
act as a carrier. However, the absence of water from the sample 
Kr>c Koom /~rsr>^îr"worl K\/ IW N)MP iiçînr» PQ 
c Î m rî/-«!«r»o X ! 3  ^ 
Qo*Tnr\r» ^ PrNnrî (  1hpi>/o ^ 1 ^  11 1 a "t" or? *"'00 maycmMm 
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Table V. Diffusion coefficients for bronzes 
System Diffusion Coefficient 
Hyd : 'cgen Spillover, D/10~^®crT!^/sec 
Pt/WOg 1.7" 
Pt/MoOg 1670.3 
HxWOs 
iH Self-diffusion, D/10~^cm^/sec 
7." 
Hi_7M0O3 7.sf 
^Ref. 70. 
^Ref. 117. 
=This work. 
in Pt/WOg and Pt/MoOg. These results are shown in Table V. It 
should be noted that the maximum diffusion coefficient for Pt/KoOg 
is approximateiy a Lhuu:.-juJ Limes larger thsr. that cbtcrr.ed tor 
Pt/WOg. These data show that the "H self-diffusion within the 
bulk is IC^ and 10^^ times greater than that calculated for the 
oyerall spillover process In Pt/moOg and Pt/wCg, respectively. 
This clearly eliminates diffusion in the bulk of the bronze 
from being the rate limiting step in the formation of the bonze. 
!n the overall reduction process, the following steps may 
be proposed to occur in series: 
(1) Transport of molecular Hg to the Pc surface; 
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(2) Dissociation of the hydrogen on the Pt; 
(3) Diffusion of atomic hydrogen through the M0O3 surface; 
if surface hydration is assumed to produce a small 
amount of water to act as a carrier, then 
(3a) diffusion of atomic hydrogen through an H2O 
monolayer to the M0O3 surface and 
(3b) transfer across the H2O-M0O3 interface; 
( 4 )  Diffusion of hydrogen through the noOg. 
Information about the rate determining step can be obtained from 
T 3 b 1S V ! -
The large values of the diffusion coefficients from Table V! 
preclude steps 1 and 4 from being rate determining. For the 
case of sufficient (monolayer) surface hydration, step 3a may 
also be ruled out, Cirillo (14) has prepared sample of the 
hydrogen molybdenum bronze with 0 .25%,  0.50%, and 2 .0% Pt by 
weight. The kinetics of the reaction were independent of the 
number of platinum particles, which rules out step 2. The rate 
limiting step appears to be the diffusion of atomic hydrogen 
through the M 0 O 3  surface. 
!n studying HxWOs, Vannice et al. (77) presented strong 
evidence to suggest that the rate determining step in the 
reaucLion is the penetration of the reducing species belcv.' the 
surface of the WC3 particles. Levy and Scudart (116) confirmed 
that the release of the proton from the carrier with interfacial 
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Table VI. Diffusion coefficients for various species 
System D(cm^/sec) Reference 
H? (gas,  1 a tm.,  80°C) 1 .7  117 
Molecular H2 in HgO 3 . 4  x  1 0 - 5  77 
Atomic H in H2O 7 X 10-5 118 
Protons in a HgO Monolayer 10-8 119 
Hydrated electrons in H2O 4 . 8  x  10-5 120 
Hydrogen in M0O3 7 . 9  x  10-6 This work 
crossing is rate determining in the presence of sufficient 
carrier. However, they noted a dependence of the rate on the 
amount of absorbed carrier below monolayer coverage. in the 
present study, it is impossible to unambiguously determine 
the rate determining step since the rate of reaction may be 
limited by the amount of surface hydration. Still, in the 
presence of sufficient carrier (or possibly for the case of 
intimate contact between the Pt and M0O3 particles), the rate 
determining step in such a process in the formation of 
H1.7M0O3 is the penetration of spilled over hydrogen through 
High Resolution Proton NMR of YH:_q2 
Accurate second moments are needed to determine the fractional 
occupation of octahedral end tetrehedral sites in metallic 
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hydrides. Since theoretical second moments are calculated 
assuming dipolar interactions, it would appear to be useful to 
quantify the magnitude of other interactions present and their 
contributions to the experimental second moment. 
Free induction decays were obtained at 323, 296, and 86 K. 
Full widths at half-height (2ôf) were 15.9, 34.2, and 41.6 KHz, 
respectively. A previous wideline NMR study (121) has 
shown that the onset of thermal line narrowing occurs around 
room temperature. Fitting the room temperature FID's to 
Lorentzian and Gaussian decays gave T2 = 10.6 usee = 29.5 kHz) 
2. • 2 
and T2 = 16.9 usee = 22.1 kHz), respectively. A more 
satisfactory fit of the lineshape was obtained by using the 
Harper-Barnes lineshape (122), which has the analytical form 
g(x) = A exp (-b|x|") (42) 
where x = v - Vo. Since a determination of n readily gives 
the second moment, this allows a judgment of goodness of fit 
bypassing the usual difficulty of establishing the proper 
baseline for the measurement of second moments. At rccm 
temperature, the exponent n was 2.1. However, at 86 K the best 
fit was given by n = 2.8. Increases in n, leading to a more 
rectangular shape than a Gaussian, ai ;ower t e m p e r s t ' _ T = s  h a v e  
bssr. observed :n other rnetallic hydrides (123). The second 
moment obtained from the fit of the Harper-Barnes lineshape 
to the 86 K  F ! D  was 1 1 . 1 7  g a u s s ^ .  This may be compared to the 
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value of 10.68 (±0.26) gauss^ obtained by direct numerical 
integration of cw derivative recordings (80). 
Homonuclear decoupling experiments gave symmetric lineshapes 
with 26f 'v.2.9 kHz at 323, 296, and 86 K. Fitting the 86 K 
data with the Harper-Barnes lineshape gave a second moment of 
0.16 gauss^, which is smaller than the standard deviation in 
the second moment reported by Anderson et al. (80). The 
combined homonuclear decoupling and magic angle spinning 
experiments at room temperature gave a proton Knight shift 
of K,. = -5.9 (±1.6) ppm [a = +5.9 ppm] with respect to H2O. 
n  
The linewidth was 26f^^25 Hz. A phase-altered MREV-8 sequence 
[P^ - M^] (47), which removes inhomogeneous magnetic broadening, 
gave a linewidth of 2ôf\4l5 Hz at 86 K. 
The measurement of the second moment under the homonuclear 
dipolar decoupling experiment allows the determination of the 
contribution from the shielding anisotropy, higher order 
homonuclear dipolar broadening, heteronuclear dipolar broadening, 
etc. For YHi_g2, the correction to the experimental second 
moment from other mechanisms of line broadening is within the 
observed standard deviation. At 56 MHz, the ratio of the 
second moment under the uomonuclear deccjpling experiment 
no(MR&V-8/ 
to the second moment of the F!D is ~ Wnen 
n2 \  i  i  )  
the second moments are measured at lower fields, the correction 
may even be smaller i r there is any field dependence. 
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The homonuclear decoupling experiment gives a symmetric 
lineshape with 25f~2.9 kHz. If the protons reside at the 
center of the tetrahedral and octahedral sites which have 
cubic symmetry, there should be no shielding anisotropy. 
The phase-altered sequence which suppresses both homonuclear 
dipolar interactions and interactions which go as 1^, such 
as anisotropic shielding and heteronuclear dipolar broadening, 
significantly narrows the line to ~0.4 kHz. The difference 
between these two experiments gives a value of '^2.5 kHz, 
which is probably due to heteronuclear dipolar broadening. 
The inability of the multiple pulse sequences to completely 
narrow the line is easily explained in terms of the correlation 
time obtained from the change in linewidth at the onset of 
thermal line averaging. Anderson (121) has found a correlation 
time of '^'10 usee at room temperature. This correlation time 
:r of the same order of magnitude as the multiple pulse cycle 
times presently achievable and limits the ability of the 
multiple pulse sequence to narrow. 
Schreiber (124) has modified the Korrlnga relation by 
the introduction of a parameter P  according to 
K-(T,^T; = p-S (43) 
v;hsre S 5 ^ —)• The intrinsic Knight shift relative 
to bare protons is given by 
K_ = Ku(observed) - 25-6 (in ppm), (44) 
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where the molecular shielding constant of protons in water is 
taken to be 25.6 ppm (125). Using the intrinsic Knight shift 
for YHi_92 and a value of = 269 sec K, a value of p = 1.0 
was obtained. No corrections were made for susceptibility 
effects of the powdered sample. This value of p would indicate 
a suitable description by the free electron mode?. Norath and 
Fromhold (126) have reported values of P  for in Y metal 
(p = 1.26) and in YH2 (p = 2.5). The variation of p among the 
elemental group 111 metals is very small. The p values of the 
metals are relatively close to the corresponding hydrides. 
The p values indicate the degree of electronic interactions 
at different physical positions in the metal hydride. However, 
the full meaning of the comparison of p values obtained from 
the metal and proton in the metallic hydride is unclear. 
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CONCLUSIONS 
NMR provides a sensitive probe to obtain information about 
alsctrcnîc structure, rr^olecular structure^ end motion. Until 
the advent of multiple pulse techniques for homonuclear decoupling, 
this information for protons in randomly oriented solids was 
inferred from conventional relaxation studies and wideline 
absorption. However, homonuclear decoupling alone was able 
to provide shielding information on only the more chemically 
simple systems. The extension of the combined multiple pulse 
and sample spinning experiment to protons in randomly oriented 
samples now allows the measurement of shielding parameters in 
these materials. When the results from conventional measurements 
are combined with those from the high resolution experiments, 
NMR is able to provide a wealth of information. 
For the hydrogen molybdenum bronze, the materials prepared 
w Y ^ I I I 7 vj I 1 *1» ^ « I • ^ « « « « » ^ ^ ....w .. —- — ^ 
method are not identical. Two species of protons were found. 
At room temperature^ there is evidence to suggest that the 
predominant species ;3 r.ct hydroxyl . ;r. add: tier., the measurement 
of hydrogen diffusion in the bulk provided information about 
the rate limiting step for the formation of the bronze via 
hydrogen spillover. 
The contributions of interactions other than the homonuclear 
O i I d I I I 1 L. I  O ^  « I UI I IIO V C II ^ I # V w I I ^ • • w I ^ 
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measurement of the hydrogen second moment in YHi,g2' The 
measurement of the proton Knight shift indicates a suitable 
description by the free electron model at the proton sites. 
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